Introduction
Generating HSCs from embryonic stem cells (ESCs) remains challenging despite considerable effort. Although genetic modification with HoxB4 and Cdx4 enables hematopoietic progenitors derived from murine embryoid bodies (EBs) to reconstitute multi-lineage hematopoiesis in primary and secondary mice, these ESC-derived HSCs remain distinct from bone marrow-derived HSCs. 1, 2 Live imaging of hematopoietic differentiation from ESCs has shown that CD41 + cells arise from hemogenic endothelial cells that express VE-cadherin or Tie2, and later express the hematopoietic marker For personal use only. on March 30, 2017. by guest www.bloodjournal.org From CD45. 3, 4 In vivo lineage tracing in mice using a tamoxifen-inducible VE-cadherin Cre transgene has shown that pulse induction during the aorta-gonad-mesonephros (AGM) stage of hemogenesis abundantly labels fetal liver, bone marrow, and thymic hematopoietic cells, while constitutive induction marks the vast majority of adult blood cells. These reports strongly indicate that definitive hematopoietic cells, which replace transient primitive hematopoietic cells during embryo development, arise from hemogenic endothelium. [5] [6] [7] [8] Notch signaling has been implicated in cell-fate decisions and differentiation of various cell types, including endothelial cells and blood cells. [9] [10] [11] Upon ligand activation, the intracellular domain of Notch (ICN or NICD) is cleaved at the plasma membrane and translocates to the nucleus where it binds to the transcription factor CSL (for CBF1/Su(H)/Lag-1, also known as Rpbsuh or RBP-jκ) to activate expression of downstream targets such as Hes and Hey genes. 12 Organ culture of the Notch1 null E9.5 para-aortic splanchnopleura (P-Sp), which later develops into the AGM, has revealed marked impairment of vascular network formation and hematopoietic cell development, whereas colony forming cell (CFC) activity was preserved in the yolk sac. [13] [14] [15] In situ hybridization of P-Sp/AGM from E9.5 and E10.5 wild type embryos showed that Notch1 expression was restricted to the ventral wall of the dorsal aorta. 15 These studies suggest that Notch1 is a key regulator of hemogenic endothelial cells.
The forkhead box (Fox) family of transcription factors is an evolutionarily ancient gene family that has expanded to over 40 members in mammals. 16 In mice, Foxc1 and For personal use only. on March 30, 2017. by guest www.bloodjournal.org From Foxc2 are essential for arterial specification before the onset of circulation by directly inducing transcription of a ligand activating Notch receptor, Delta-like 4 (Dll4). [17] [18] [19] A recent study has also shown that Foxc2 binds to the VE-cadherin enhancer and directly activates its transcription. 20 Although the roles of Foxc genes are well established in angiogenic remodeling, there is currently no link between Fox genes and hematopoietic stem cell emergence.
In this study, we generated ES cells with a doxycycline (Dox)-inducible intracellular domain of Notch1 (ICN1) and analyzed the effect of induction during EB differentiation.
ICN1 induction expanded VE-cadherin + hemogenic endothelial cells and enhanced
hematopoietic potential and expression analysis of the ICN1-induced VE-cadherin + population showed the upregulation of Foxc2, which we discovered using genetic analyses in both zebrafish and mice functions downstream of Notch signaling in hemogenic endothelium. Thus, we demonstrate that the Notch pathway promotes the maturation of hemogenic endothelium via Foxc2, establishing Foxc2 as a key factor in promoting definitive hematopoiesis.
Materials and methods

ES cell culture, cloning, and EB differentiation
Ainv15 murine ES cells were maintained on MEFs in DMEM with 15% IFS (HyClone Laboratories, Logan, UT), 1000 U/ml LIF, 0.1 mM nonessential amino acids, 2 mM penicillin/streptomycin/glutamate, and 100 μM β-mercaptoethanol at 37 °C/5% CO 2 . Murine Foxc2 cDNA with a flag tag at the 3' terminus was cloned downstream of the tetO minimal promoter of pBS31' vector and co-electroporated with pCAGGS FLPε plasmid into murine KH2 ES cell line at 500V and 25μF using Gene PulserII. 23 The colonies were selected in hygromycin at 140μg/mL for 10 days and the resistant clones were subjected to Foxc2 screening by Immunoblotting.
Dox-inducible ICN1 ES cell line was generated after subcloing ICN1 cDNA (generously
ES cells were differentiated into EBs after removing MEFs and cultured in IMDM
with 15% FCS (Stem Cell Technologies, Vancouver, BC), 200 μg/ml holo-transferrin, 50 μg/ml ascorbic acid, 2 mM penicillin/streptomycin/glutamate, and 450 μM monothioglycerol as described previously. 24
Immunoblotting
Immunoblotting was performed with SDS-PAGE electrophoresis and transfer system (Bio-Rad). ICN1 was detected with anti-Notch1 antibody (sc-6014, Santa Cruz). The membranes were incubated with HRP-conjugated secondary antibodies and developed using the Enhanced Chemiluminescence kit.
Methylcellulose CFC, OP9 colony, and HE culture
Day 6 EBs were dissociated by treatment of collagenase IV (2 mg/ml), hyaluronidase (10 mg/ml), DNase (160 U/ml), and trituration with enzyme-free dissociation buffer (Invitrogen). Cells were mixed into methycellulose media (M3434, StemCell Technologies) and put in non-adherent 30 mm 2 non-treated dishes (StemCell 
Results
Promotion of hematopoiesis with ICN1 induction during mouse EB differentiation
Notch signaling is involved in multiple steps of tissue specification and progenitor cell maturation during embryo development. 9, 27 To test the effect of Notch1 signaling on early blood lineage development, we cloned the intracellular domain of Notch1 (ICN1) into the plox vector, and targeted Ainv15 ES cells to generate the Dox-inducible ICN1 line (iICN1). 21, 22 After confirming ICN1 induction with Dox ( Fig. 1A) , we differentiated ES cells into EBs and observed the effects of ICN1 induction over specific time periods on the number of hematopoietic colony forming cells (CFC) at day 6 ( Fig. 1B ). ICN1 induction on single days from day 3 to 5 resulted in increased colony numbers, and a two day induction (ICN 3-5) resulted in higher colony numbers than either single day or three-day induction; a similar pattern was observed for hematopoietic colonies that form on OP9 stroma (Fig. 1C ). These results show that timed induction of Notch signaling promotes hematopoietic development of EBs.
Promotion of hemogenic endothelial cells with ICN1 induction
Recent lineage tracing experiments in the mouse have shown that definitive hematopoietic populations arise from hemogenic endothelial cells that express VE-For personal use only. on March 30, 2017. by guest www.bloodjournal.org From cadherin and can be detected in the AGM region. 5,6,28 CD41 has been reported to mark embryonic hematopoietic precursors prior to CD45 expression. 29, 30 Continuous singlecell imaging has shown that the VE-cadherin + population derived from Flk1 + cells can give rise to CD41 + and eventually CD45 + cells. 3 When day 6 EB cells were analyzed for CD41 and VE-cadherin expression by flow cytometry, ICN1 induction from day 3 to 5 (ICN 3-5) increased the VE-cadherin single positive (VE SP) population up to two fold ( Fig. 2A ) compared to uninduced control (ICN 0). The majority of the VE SP population (60-75%) was also positive for α4-integrin, another marker of hemogenic endothelial cells required for proliferation and differentiation of multi-lineage hematopoietic progenitors in the embryo. 31 In day 6 EBs, there was little change in Flk1, CD45, c-kit, Sca1, or CD41 positive populations following ICN1 induction (data not shown). When we induced ICN1 during blast colony development, in which the hemogenic endothelial core first develops and hematopoietic blast colony cells bud off from the core, development stopped at the core level with a dramatic decrease in core colony formation ( Fig. S1A ). However, the cells harvested from the ICN1-induced blast colony assay generated more hematopoietic colonies compared to the same number of cells from the control (Fig. S1B ). These results suggest that ICN1 induction promotes hematopoietic development through the promotion of hemogenic endothelium.
When VE SP cells were sorted from day 6 EBs and put into hematopoietic and endothelial (HE) culture, CD45 + cells were generated after 4 days of culture. From the same number of VE SP cells, more CD45 + cells were produced from ICN1-induced EBs (ICN 3-5) than controls (Fig. 2B ). The absolute numbers of CD45 + cells produced from 1 0 the same number of VE SP cells in day 2, 4, and 6 HE culture showed 42-46% increase in cultures of ICN1-induced cells ( Fig. 2C , Table S1 ). With an assumption that a single VE SP cell generates a single CD45 + cell and proliferation rates of cells in HE culture are not different, we estimated the frequency of HE cells as 1/5.446x10 4 from control VE SP cells and 1/2.589x10 4 from ICN1-induced VE SP cells by limiting dilution analysis ( Fig.   S2 ). Cytospin of day 10 HE culture showed a significant increase in hematopoietic cells from ICN1-induced VE SP cells, whereas no differences were seen between control and ICN1-induced CD41 single positive (CD41 SP) or double positive (DP) cells ( Fig. 2D ).
Moreover, day 10 HE culture of VE SP cells exhibited tube forming ability (data not shown). When we analyzed the cell cycle in day 4 EBs following ICN1 induction from days 3, we observed about two fold increase of BrdU + VE-cadherin + cells in ICN1induced EBs (20.3% to 38.3%), which suggests that the increase in VE-cadherin + cells in day 6 EBs following ICN1 induction could have been contributed by an increase in cell proliferation ( Fig. S3 ). Taken together, our data suggest that inducing Notch1 signaling during EB differentiation promotes proliferation and hematopoietic specification of hemogenic endothelial cells.
To understand whether ICN1 induction impacts hematopoietic differentiation in a cellautonomous manner, we mixed murine ROSA-GFP ES cells, which constitutively express GFP, 32 with iICN1 ES cells, which are GFP -, to form EBs, and analyzed day 6
EBs with or without ICN1 induction from day 3 to 5. Flow cytometry analysis of day 6
EBs showed that GFPcells showed the increase of VE SP population with ICN1 induction but GFP + cells showed no change ( Fig. S4AB ). EBs made from iICN1 ES cells 1 1 alone or ROSA-GFP ES cells alone showed the same results. When colony forming activity was measured with sorted GFP + or GFPcells from mixed EBs, we observed an increase of colony forming activity with ICN1 induction in GFPcells but not in GFP + cells ( Fig. S4C) . Moreover, we observed the same patterns with EBs made from iICN1
ES cells alone or ROSA-GFP ES cells alone. These results indicate that ICN1 works in a cell-autonomous manner in promoting hematopoietic differentiation.
Upregulation of Foxc2 with ICN1 induction in hemogenic endothelial cells
Despite the long history of detecting hemogenic endothelial cells by surface marker expression, relatively little is known regarding the global gene expression profiles of these cells. 7, [33] [34] [35] [36] [37] [38] To identify changes in the molecular signature of hemogenic endothelial cells following Notch induction, we isolated RNA from CD41 SP, VE SP, DP, and double negative (DN) populations of day 6 EBs, and performed microarray analyses.
Hierarchical clustering of global gene expression patterns showed that the relationship among these populations was unchanged by ICN1 induction (ICN 3-5) ( Fig. 3A) . When genes whose expression levels were equal or higher than the two fold of the average gene expression level were plotted, the VE SP population showed the greatest number of genes up-regulated by ICN1 induction (Fig. 3B ). Among upregulated genes in VE SP population, Gata3 drew our attention due to its known roles in both endothelial and hematopoietic development. 39, 40 We then searched for genes with a similar expression pattern to Gata3 across different populations with or without ICN1 induction, and identified Foxc2, along with C230093N12Rik, Lhfp, Timp2, and Fbn1. The increase of
Foxc2 expression after ICN1 induction in the VE SP population was higher than that of 1 2 Gata3 (Fig. 3C ). These results suggested to us that Foxc2, previously known to be involved in endothelial development, might have a role in the specification of hemogenic endothelium.
Defective definitive hematopoiesis in Foxc2 null mouse embryos
To test whether Foxc2 is involved in the specification of definitive hematopoiesis during embryo development, we analyzed Foxc2 null mouse embryos for hematopoietic phenotypes in comparison with wild type littermates. Foxc2 null mouse embryos die perinatally or prenatally between E12 and E17, and display abnormal aorta morphology. 41, 42 When we measured the expression of Gata1, Gata2, and Gata3 in the liver of E13.5/E14.5 embryos, Gata3, but not Gata1 or Gata2, showed a decrease in E14.5 Foxc2-/-embryos compared to the control embryos ( Fig. S5 ). When the AGM of E10.5 Foxc2 -/-embryos was stained with Runx1, a definitive hematopoietic marker, 43 we noted a significant decrease of Runx1-positive cells compared to control littermates ( Fig. 4A) . Peripheral blood analysis showed a decrease in the ratio of definitive, enucleated erythrocytes (EryD) to primitive, nucleated erythroblasts (EryP) in E13.5 and E14.5 Foxc2 -/-embryos (Fig. 4B) , and quantitative RT-PCR of peripheral blood showed a decrease in the β-major to β-H1 ratio (~52% in E13.5 and ~40% in E14.5, Fig. 4C ).
These results suggest that Foxc2 is an important factor in definitive hematopoietic development. 1 3 
Defective definitive hematopoiesis in foxc1a/b morphant zebrafish
To confirm the involvement of Foxc2 in definitive hematopoiesis, we further investigated foxc1a and foxc1b, the Foxc2 orthologs in zebrafish. In zebrafish embryos, foxc1a
expression was detected in both artery and vein whereas foxc1b expression was detected in artery at 24 hpf (hours post fertilization). At 36 hpf, foxc1a and foxc1b are expressed in both the artery and vein (data not shown). foxc1a and foxc1b morpholinos were injected into one cell stage fertilized eggs. Although injection of high doses of foxc1a and foxc1b morpholinos results in defective intersomitic vessel sprouts and axial vessel formation, low dose knockdown did not significantly affect artery or vein development. 20 We confirmed that low dose knockdown had little effect on the vascular development by injecting foxc1a and foxc1b morpholinos into fertilized eggs of transgenic (Tg) (flk1:GFP) zebrafish (Fig. 5A ). Low dose knockdown of foxc1a and foxc1b in wild type zebrafish embryos did not significantly altered the artery (ephB2a, notch3, and deltaC) or vein (ephB4a) marker expression ( Fig. S6) . In zebrafish embryos, runx1 and c-myb mark hemogenic endothelial cells where definitive hematopoiesis originates. 44 When foxc1a
and foxc1b morpholinos were injected into fertilized eggs of wild type zebrafish, runx1
staining (24 hpf) and c-myb staining (36 hpf) in arteries significantly decreased (Fig. 5B ).
In addition, at 4 dpf, foxc1a/b morphant zebrafish showed the decrease of rag1 staining, which is a definitive hematopoiesis marker, in thymi (Fig. 5B) . These results suggest that
Foxc2 and its orthologs are required for the development of hemogenic endothelium and definitive hematopoiesis. 1 4 
Promotion of hemogenic endothelial cells with Foxc2 induction
To investigate the effect of Foxc2 signaling on the specification of hemogenic endothelial cells, we generated a Dox-inducible iFoxc2 ES cell lines using the frt-mediated targeting in KH2 ES cells. 23 Foxc2 induction after 48 hr of Dox treatment was confirmed by realtime RT-PCR and immunoblotting in comparison with KH2 ES cells, 3T3 cells, and MEFs (Fig. 6A , data not shown). Similar to ICN1 induction, Foxc2 induction from day 3 to 5 during EB differentiation increased VE SP population when day 6 EBs were subjected to flow cytometry analysis ( Fig. 6B ). When the same number of VE SP cells were sorted and subjected to subsequent HE culture, cells that had experienced Foxc2 induction during EB differentiation showed increased CD45 + cell generation, which is consistent with the effects of ICN1 induction, whereas the non-induced control cells showed no change (Fig. 6C) . Differences in the basal frequency of the VE-cadherin + population in the iICN, Rosa-GFP, and iFoxc2 cell lines could in part be due to the leaky expression of the transgene or the different cellular background. 45 The absolute numbers of CD45 + cells from VE SP cells with Foxc2 induction are summarized in Table S1 (160% increase with Foxc2 induction). These results suggest that Foxc2 induction promotes the hematopoietic specification of hemogenic endothelial cells during EB differentiation.
Foxc2 acts downstream of Notch in hemogenic endothelium
To further investigate the relationship between Notch signaling and Foxc2 in specification of hemogenic endothelium, we analyzed zebrafish embryos following Notch and foxc1a/b pathway perturbation. Prior studies showed that constitutive Notch 1 5 activation using a heat-inducible bi-transgenic system resulted in expansion of c-myb + definitive hematopoietic progenitors. 44 To test whether foxc1a/b are required to mediate this Notch gain-of-function phenotype, we injected low dose foxc1a/b morpholinos into Tg(hsp70:gal4); Tg(uas:NICD) embryos and performed heat induction as previously described. foxc1a/b morphants showed relatively intact vascular development and significant decrease of c-myb expression at 36 hpf in wild-type embryos as shown previously. Heat-induction of NICD expanded c-myb expression in uninjected controls but did not restore c-myb expression in foxc1a/b morphants, which suggests that foxc1a/b
activity is necessary to mediate Notch signaling ( Fig. 7A, Fig. S7A ). However, we were unable to robustly rescue mib mutant zebrafish, which has defective Notch signaling and hemogenic endothelium, by injecting Foxc2 mRNA (Fig. S8) , indicating that Foxc2 is not the sole mediator of Notch signaling. Taken together, the results in zebrafish suggest that foxc1a/b are necessary but not sufficient to act downstream of Notch signaling for hemogenic endothelial specification.
To confirm that Foxc2 functions as a downstream effector of Notch signaling, we analyzed mouse embryos deficient in the Notch ligand Jagged1. These embryos have impaired hematopoiesis in the AGM but normal artery identity. 46 Jagged1 null embryos showed decreased Runx1 expression, as previously reported (Fig. S7B ). Foxc2 expression was detected along the endothelium in the AGM of wild type and heterozygous littermates whereas Jagged1 null embryos showed significant decrease of Foxc2 expression in the endothelium and the ventral mesenchyme in the AGM (Fig. 7B) . Given that the ventral side of the AGM is hemogenic and originates from the lateral plate 
Discussion
The emergence of definitive hematopoietic stem and progenitor cells from hemogenic endothelium has been well documented in the developing murine embryo, but little is known about the molecular pathways that mediate this critical developmental specification. 5, 6, 47, 48 Our study shows that Notch1 induction increases the VE-cadherin + hemogenic endothelial population in differentiating murine ES cells, and that Foxc2 is a downstream mediator of Notch signaling in definitive hematopoiesis in both zebrafish and mouse embryos.
Definitive hematopoietic precursors first appear in the aorta and are also detected in vitelline and umbilical arteries, but not in veins, which suggests that HSC generation is associated with artery specification. 7 Notch and Foxc genes are known to play critical roles in determining arterial cell fate during embryo development. 17 In this study, we demonstrated that induction of Notch1 signaling increased the hemogenic endothelial population within differentiating cultures of ES cells, and also enhanced their hematopoietic potential. We then identified the Foxc2 transcription factor as a chief 1 7 candidate for mediating Notch1 signaling, as it showed the highest increase after Notch1 (http://hsc.hms.harvard.edu). A recent report in which hematoendothelial cells were generated from hESCs showed that Foxc2 was enriched in hemogenic endothelial cells compared to non-hemogenic endothelial cells. 49 In addition, Etv2, which cooperates with 1 8 Foxc2 in regulating endothelial genes, was shown to cooperate with Gata2, a well-known Hemogenic sites in early embryo development overlap with vasculogenic sites, including the yolk sac, allantois, vitelline and umbilical vessels, and the emergence of definitive hematopoiesis appears to correlate with angiogenic remodeling of the primitive vascular plexus. [51] [52] [53] [54] [55] Inside the embryo, vasculogenic sites include the aorta, lung, spleen and pancreas, but among them, only the aorta is known to have hemogenic activity. It will be of high interest to analyze the molecular and cellular mechanisms of this anatomic distinction, and to look further into the transient character of hemogenic endothelial cells.
Clonogenic analysis of hemogenic endothelial cells in the culture condition that supports outgrowth of endothelial and hematopoietic cells will facilitate more accurate estimation of hemogenic endothelial cell frequency. 56 In the era of reprogramming, it may be possible to convert non-hemogenic endothelial cells to hemogenic endothelial cells via 1 9 ectopic expression of transcription factors like Foxc2, which may give us a new strategy for generating autologous hematopoietic stem cells. 
